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Withania somnifera DUN. (family Solanaceae), highly reputed as "Indian ginseng" in Ayurvedic medicine, is noted for its beneficial effects on the nervous system. 2) To understand this benefit, a MeOH extract of the roots of W. somnifera was investigated as reported previously 3) and showed appreciable activity in the bioassay using a human neuroblastoma SK-N-SH cell line. To search for the active principles, chemical constituents of the crude extract were investigated. In the present paper, we report five new withanolide derivatives (1, 9-12) obtained from the MeOH extract, and their neurite outgrowth activities (Chart 1).
The methanol extract of the roots of W. somnifera was separated as described in the experimental section to afford compounds 1-19. By comparison with the reported data, fourteen known compounds were identified as withanolide A (2), 4) (20S,22R)-5a,27-dihydroxy-6a,7a-epoxy-1-oxowitha-2,24-dienolide (3), 5) lycium substance B (4), 6 ) withacoagin (5), 7) (20S,22R)-4b,5b,6a,27-tetrahydroxy-1-oxowitha-2,24-dienolide (6), 8) withanolide D (7), 9) and withaferin A (8), 10) withanosides V (13), 8, 11) IV (14) , 11) VI (15), 11) III (18), 11) and II (19), 11) coagulin Q (16), 12) and physagulin D (17). 13) Compound 1 was obtained as a white powder. The high resolution (HR)-FAB-MS, m/z [MϩH] ϩ 489.2843, revealed the molecular formula of C 28 H 40 O 7 , suggesting nine units of unsaturation. The IR spectrum exhibited characteristic absorption bands at 3442 (OH), 1701, 1685 (a,b-unsaturated d-lactone), and 1720 (ketone) cm Ϫ1 . The 1 H-and 13 C-NMR data indicated the presence of three tertiary methyls and one secondary methyl, eight methylenes (one oxygen-bearing sp 3 ), nine methines (four oxygen-bearing sp 3 ), and seven quarternary carbons (one oxygen-bearing sp 3 , two olefin, and two carbonyl On a basic withanolide skeleton, 1-unconjugated ketone and 20-unsubstituted, 27-hydroxy a,b-unsaturated d-lactone side chain were assigned. Differing from other withanolides, however, four adjacent oxygenated carbons (d 74.2, 77.9, 76.9, 77.6) were assigned as C-3-C-6. As a 1-oxowithanolide skeleton could account for only eight units of unsaturation, the remainder unit implied the presence of an intramolecular ether linkage between two of the four oxygen-bearing carbons. The positions of the ether linkage were realised by spectroscopic inspection of its acetate. Treatment of 1 with acetic anhydride in pyridine yielded an acetylated derivative 1a. The molecular formula of C 32 H 45 O 9 was deduced from HR-FAB-MS, which implied the addition of two molecules of acetyl groups. The absorption band at 3433 cm Ϫ1 in its IR spectrum suggested the presence of a tertiary hydroxy group in the structure (5-OH). Apart from one acetyl group at C-27, the heteronuclear multiple bond coherence (HMBC) correlation between signals of the acetoxy carbon (d 170.9) and an H-4 proton (d 5.24) confirmed the attachment of the other acetyl group at C-4. Thus the ether linkage sites were exclusively established at C-3 and C-6 as well as free hydroxy groups at C-4 and C-5 in 1. The stereochemistry of 1 was elucidated as follows. First, the presence of a trans B/C/D ring system and a (20S,22R)-a,b-unsaturated d-lactone moiety was confirmed by spectroscopic similarity with common withanolides. Next, the stereochemistry of the C-3-C-6 cluster was determined by the circular dichroic (CD) spectrum, where the negative Cotton effect at 289.4 nm suggested 1-unconjugated ketone, cis-fused A/B ring junction. 6) On this premise, the orientation of the ether bridge between C-3 and C-6 was rationally assigned to be a relative to the rings A and B in consideration of the ring strain and acceptable distance of an ether linkage between C-3 and C-6. Furthermore, the stereochemistry of C-3-C-6 was deciphered on the basis of the nuclear Overhauser effect spectroscopy (NOESY) spectrum ( Fig. 1) and J values. First, discrimination of a and b methylene protons at C-7 was crucial for the assignment of chirality. The multiplet at d 2.20 was confirmed to be b-oriented by the NOE correlations of H-7b/H-8 (d 1.90) and H-8/H 3 -18 (d 0.52), while H-7a (d 1.40) showed a cross peak with H-9. Second, the observation of the NOE interaction between H-6 (d 4.53) and H-7b implied their spatial proximity, namely, they were on the same face of the B-ring, confirming an a-orientation of C-6-oxygen. Third, the NOE cross peak between H-4 (d 4.86) and H-6 implied that they were axial on the same face of the tetrahydrofuran ring. Correspondingly, 4-OH was determined to be b-positioned. In considera-tion of C-3, the small coupling constant between H-3 (d 4.55) and H-4 (J 3H,4H ϭ6. 5 Hz) , and the NOE correlation between them revealed a syn relationship, thus establishing 3a-oxygen. Consequently, compound 1 was designated as (20S,22R)-3a ,6a -epoxy-4b ,5b ,27-trihydroxy-1-oxowitha-24-enolide. Although there have been several reports on isolation of 14,20-epoxy withanolides from Withania spp., 12, 14) to the best of our knowledge, compound 1 was the first example of a withanolide with an ether bridge between C-3 and C-6. Withanoside VIII (9) was isolated as a white amorphous powder. The IR spectrum indicated the presence of hydroxyl (3406 cm The third glucose was confirmed to attach to C-27 on the basis of HMBC correlations of H 2 -27/C-1ٞ and H-1ٞ/C-27, which was also supported by the above glycosylation shifts in the 13 C-NMR spectrum. Thus, its structure was determined to be 27-O-b-D-
Compound 10 was obtained as an amorphous powder. The molecular formula of C 52 H 82 O 25 was assigned on the basis of a quasimolecular ion peak at m/z 1129.5001 [MϩNa] ϩ in the HR-FAB-MS. The 1 H-and 13 C-NMR data due to the aglycon moiety showed high analogy with those of 9, indicating the identical skeleton bearing two glycosylation sites, C-3 and C-27. With the aid of total correlation spectroscopic (TOCSY) and 1 H-1 H COSY experiments, four glucosidic protonproton spin systems were disclosed. In addition to three anomeric protons at Compounds 1-10 and 13-18 were evaluated for their effects on neurite outgrowth. Of these compounds, 1, 2, 6, and 14-16 showed significant neurite outgrowth activity at 1 mM using a human neuroblastoma SH-SY5Y cell line. Further investigation of the mechanisms of action is now in progress.
Experimental
General Optical rotations were measured with a JASCO DIP-360 automatic polarimeter. IR spectra were measured using a Jasco FT/IR-230 Fourier Transform Infrared Spectrometer. NMR and 2D NMR spectra were recorded on Varian UNITY 500 and JNM-LA 400 WB Lambda (Jeol) NMR spectrometers. HR-FAB-MS spectra were performed with a Jeol JMS-700 mass spectrometer with a resolution of 5000, and glycerol as a matrix. Reversed-phase HPLC separations were carried out on a TSK-GEL ODS-80T S column (21.5ϫ300 mm; eluent, CH 3 OH/H 2 O-0.1% trifluoroacetic acid (TFA); flow rate, 5.0 ml/min; UV detection, 210 nm). A human neuroblastoma cell line, SH-SY5Y, (Riken, Tsukuba, Japan) was used for neurite outgrowth bioassay. Minimum essential medium was purchased from GIBCO BRL, Rockville, U.S.A. A twenty-four-well culture dish was purchased from FALCON, Franklin Lakes, U.S.A.
Collection and Extraction Cultivated root material of W. somnifera was purchased in Jaipur, India in June 1999 and the botanical source was identified by Dr. K. Komatsu. A voucher specimen is deposited at the Museum of Toyama Medical and Pharmaceutical University (TMPW No. 19975). The crushed roots (1.8 kg) were refluxed with MeOH (1.5 lϫ3) to give an extract (206.9 g). A 186.0 g portion of the extract was dissolved in water (1.5 l) and extracted with CHCl 3 and n-BuOH (1.5 lϫ5) successively to give CHCl 3 -soluble (20.7 g) and n-BuOH-soluble (34.6 g) fractions.
Isolation and Purification The chloroform-soluble fraction (15.0 g) was suspended in EtOH and centrifuged. The supernatant solution was subjected to Sephadex LH-20 column chromatography eluting with MeOH- 8 mg), 14 (33.1 mg), 15 (41.6 mg), 16 (2.0 mg) , 17 (7.6 mg), 18 (3.1 mg) and 19 (1.1 mg) . Acetylatin of (20S,22R)-3a a,6a a-Epoxy-4b b,5b b,27-trihydroxy-1-oxowitha-24-enolide (1) Acetic anhydride (8 mg) was added to 1 ml of pyridine solution of 1 (2 mg) and the reaction mixture was stirred at room temperature for 24 h. The mixture was poured into cold water (2 ml) and extracted with CHCl 3 (5 mlϫ4). Finally, the product was purified by Sephardex LH-20 column chromatography (MeOH-H 2 O, 3 : 1; 1.95 mg).
Acid Hydrolysis of Withanosides A solution of withanosides (9-11, 13-15, 17, 18, 1 mg each) in 5% aq. H 2 SO 4 -dioxane (1 ml, 1 : 1, v/v) was refluxed for 3 h. After cooling, the reaction mixture was neutralized with 1 N NaOH and washed with CHCl 3 . The remaining water layer was concentrated and subjected to TLC with authentic D-glucose.
Determination of D-Configuration of Glucose Compound 9 (1 mg) was refluxed with 5% aq. H 2 SO 4 -dioxane (1 : 1, 1 ml) for 3 h, neutralized with 1 N NaOH and extracted with CHCl 3 . The residual water layer was desalted with Amberlite MB-3 and dried in vacuo. The residue was dissolved in pyridine (0.1 ml), then a pyridine solution (0.2 ml) of L-cysteine methyl ester hydrochloride (0.1 M) was added to the sugar solution. The mixture was kept at 60°C for 1.5 h, dried in vacuo, and trimethylsilylated with hexamethyldisilazane-trimethylchlorosilane (HMDS-TMCS) (0.1 ml) at 60°C for 1.0 h. After partition between hexane (0. Neurite Outgrowth Assay A human neuroblastoma cell line, SH-SY5Y, was incubated at a density of 5.5ϫ10
4 cells/ml in a 24 well culture dish in minimum essential medium with 5% fetal bovine serum at 37°C in a humidified atmosphere of 90% air/10% CO 2 . The MeOH extract (5 mg/ml), individual compounds (1 mM), and the vehicle solution (0.1% DMSO) were added to the culture medium at the start of culture. Six days after treatment, cells (100-300 cells) were counted in four areas of 650ϫ430 mm, and the percentage of cells with neurites longer than 50 mm was calculated. Statistical comparisons were made by Student's t-test with pϽ0.05 being considered as significant.
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